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Abstract 11 
Stratigraphic records from formerly glaciated regions are critical for detailed study of the timing, 12 
onset and dynamics of past ice sheets and the palaeoecology of previous ice-free intervals. We 13 
examined three stratigraphic sections from an 18-km stretch of the Albany River, Hudson Bay 14 
Lowlands, Canada, located at the geographic center for many Late Pleistocene ice sheets. Till 15 
characterization and correlation suggest that at least three glacial advances from shifting ice 16 
centers within the Labrador sector of the Laurentide Ice Sheet were preserved in these 17 
stratigraphic records. Non-glacial units (fluvial, organic-bearing sediments) were constrained via 18 
optically stimulated luminescence to two possible periods at ca. 73,000 to 68,000 yr BP and ca. 19 
60,000 yr BP. Boreal and peatland taxa (Picea, Pinus, Poaceae, Betula, Cyperaceae, Sphagnum) 20 
dominated the pollen record at each site, whereas plant macrofossils analyzed at one site confirm 21 
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the local presence of conifer trees (bark, needles, seed wings), bryophytes (largely Scorpidium 22 
spp), herbaceous plants (Caryophyllaceae, Carex, Poaceae), and an aquatic setting (e.g. 23 
Potamogeton, ephippia of Daphnia spp). Pollen-derived average summer temperature 24 
reconstructions suggested that local temperatures at the Albany sites were between 12–15°C, 25 
which is similar to present-day estimates for the region (14.2°C). Reconstructed annual 26 
precipitation estimates were 580–640 mm, which is similar to slightly higher than present-day 27 
estimates (564 mm). Non-glacial intervals at the Albany sites likely represent abandoned fluvial 28 
environments that supported water-logged peatland biota. Results from this research contribute 29 
toward ongoing efforts to constrain ice sheet dynamics over North America during the last 30 
glacial cycle (e.g. 71,000–14,000 yr BP) and provide insight into the complex Late Pleistocene 31 
palaeoclimate record at the innermost area of the glaciated region. 32 
Keywords: modern analogue technique, pollen, macrofossils, optically stimulated luminescence, 33 
MIS 3, MIS 5, pre-LGM, Wisconsinan Stage 34 
1. Introduction 35 
The Quaternary has been defined by repeated glaciations over the Northern Hemisphere 36 
that had large-scale influences on global sea level (Grant et al., 2014), atmospheric processes 37 
(Sionneau et al., 2013; Ullman et al., 2014), biotic migration and carbon cycling (Kleinen et al., 38 
2015; Brovkin et al., 2016). These glaciations resulted in a highly fragmented stratigraphic 39 
record in the glaciated region of North America (e.g. the region covered by ice sheets during the 40 
Last Glacial Maximum (LGM)). Thus, few terrestrial records are available to provide 41 
information on the timing, onset and dynamics of the Laurentide Ice Sheet, the most extensive 42 
ice mass during the Late Pleistocene that covered ~80% of Canada during the LGM (Dyke et al., 43 
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2002). Most extant deposits of Late Pleistocene age from formerly glaciated regions are found in 44 
the marginal areas of the former ice sheet(s) (e.g. Rémillard et al., 2013; Bajc et al., 2015; 45 
Rémillard et al., 2016) and thus offer limited constraint on the extent and dynamics of previous 46 
ice sheet(s), nor on the palaeoecology of more immediate periglacial settings. 47 
The Hudson Bay Lowlands (HBL) are a vast low-lying peatland in central Canada 48 
bordered by the James and Hudson bays (Fig. 1). This region is presently one of North 49 
America’s largest wetlands, consisting of bogs and fens with flora dominated by boreal (Alnus, 50 
Betula, Larix, Picea, Salix) and peatland taxa (Cyperaceae, Ericaceae, Sphagnum) (Riley, 2011). 51 
Holocene peat overlies a series of glacial and non-glacial deposits, including Pleistocene-aged 52 
sediments, which consist of multiple tills that are occasionally separated by in situ fluvial and 53 
organic-bearing sediments (known as the Missinaibi Formation; Skinner, 1973). The 54 
preservation of such extensive stratigraphic records near the center of the glaciated region makes 55 
the HBL critical for studying the history of the Late Pleistocene over North America (Dredge 56 
and Thorleifson, 1987; Kleman et al., 2010) because tills document the interaction between the 57 
northwest (Keewatin), and the northeast (Labrador) sectors of the former ice sheet (Fig. 1), 58 
whereas non-glacial materials (e.g. organic-bearing and fluvial sediments) yield insight into the 59 
timing and palaeoecology of ice-free intervals.  60 
Several stratigraphic studies have taken place in the HBL, which have permitted the 61 
development of a Late Pleistocene stratigraphic framework for this region (Terasmae and 62 
Hughes, 1960; MacDonald, 1969; Skinner, 1973; Thorleifson et al., 1992; Thorleifson et al., 63 
1993; Dubé-Loubert et al., 2013). Overall, this work has noted up to three tills below the 64 
Missinaibi Formation (Site 24M; Skinner, 1973) and two tills overlying this non-glacial interval 65 
(Dubé-Loubert et al., 2013). Despite these efforts, there remains uncertainty about the extent and 66 
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timing of glacial events in the HBL; mainly because correlation of glacial events over 1000+ km 67 
(e.g. the entire HBL region) is very difficult and glacial deposits are derived from different 68 
shifting ice centers.  The Late Pleistocene record in the HBL is further complicated by the 69 
presence of multiple non-glacial events preserved in this region. Dating on some of the non-70 
glacial sediments have yielded minimum age estimates (e.g. Stuiver et al., 1978; Mott and 71 
DiLabio, 1990); whereas others suggest that the non-glacial intervals may date to Marine Isotope 72 
Stage 5 (MIS 5; 130,000 to 71,000 yr BP; Allard et al., 2012; Dubé-Loubert et al., 2013) and 73 
MIS 7 (243,000 to 190,000 yr BP; Dubé-Loubert et al., 2013). There is also evidence that the 74 
region may have been ice-free during MIS 3 (57,000 to 29,000 yr BP; Andrews et al., 1983; 75 
Berger and Nielsen, 1990; Dalton et al., 2016). Increased study of glacial and non-glacial records 76 
in the HBL, including resolving the age of the Missinaibi Formation using chronology methods 77 
that span beyond the theoretical limits of radiocarbon dating, is critical to better interpret the 78 
dynamics of North American ice sheets during the Late Pleistocene. 79 
Here, we present an analysis of the palaeoecology of a series of sub-till organic bearing 80 
deposits  preserved at three riverbank exposures (informally named Sites 007, 008 and 009) 81 
along an 18-km stretch of the Albany River, HBL, Canada (51.9°N, 82.6°W; Fig. 1). These 82 
Albany sites were first documented by exploratory trips in the 1960s (Al-62, Al-63 and Al-65, 83 
respectively; Ontario Water Resources Commission, 1969). Each site contained organic-bearing 84 
non-glacial sediments that were intercalated between at least two diamicton units that were 85 
interpreted as till (glacial origin). Our primary aim was to constrain the timing of the non-glacial 86 
intervals at the Albany sites via optically stimulated luminescence (OSL) and radiocarbon dating, 87 
and to characterize the vegetation and palaeoenvironment during the non-glacial intervals using 88 
biological proxies (pollen, plant macrofossils) along with sedimentological data. Pollen-derived 89 
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palaeo-temperature and palaeo-precipitation reconstructions are also presented. We also present 90 
new data on the underlying and overlying glacial sediments to provide context for the 91 
interpretation of Late Pleistocene palaeoenvironments in the region. This was accomplished by 92 
examining lithology, geochemical composition, carbonate content and ice flow directional 93 
indicators of the diamicton units contained in the Albany sites. This research provides unique 94 
insight into glacial and non-glacial events at the innermost area of the glaciated region of North 95 
America that is complementary to other work in the region (Allard et al., 2012; Dubé-Loubert et 96 
al., 2013) as well as work in more peripheral regions (Rémillard et al., 2013; Bélanger et al., 97 
2014; Bajc et al., 2015; Rémillard et al., 2016), and is similar to ongoing efforts to characterize 98 
ice-free intervals in the area of the Fennoscandian Ice Sheet in Northern Europe (Engels et al., 99 
2008; Helmens and Engels, 2010; Helmens, 2014). 100 
2. Methods 101 
2.1. Fieldwork, sampling and geochronology 102 
Fieldwork at the Albany sites was conducted by canoe during September 2014. Modern-103 
day slump material was removed prior to making descriptions of each site and a representative 104 
sample was taken from each diamicton layer (above the zone of local incorporation near the base 105 
of each unit) for sedimentological and geochemical analyses. A single diamicton sample per unit 106 
is justified because previous work in this region has shown that diamictons display little 107 
sedimentological variation throughout the unit (e.g. Dubé-Loubert et al., 2013). Directional 108 
indicators (e.g. stone lines, boulder pavements and striations on the top of bullet-shaped 109 
boulders) were measured where observed in most diamicton layers using a geological compass 110 
(typically one to five measurements per layer). Samples were taken at 5-cm increments in the 111 
non-glacial interval for radiocarbon dating, loss on ignition (LOI), particle size analysis (PSA), 112 
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pollen and macrofossil analysis (Figs. 2–5). The only exception was at Site 009, where a steep 113 
slope restricted sampling to the bottom 2.7 m of the ~4-m non-glacial interval.  114 
Age constraints on the non-glacial units were provided through OSL dating of quartz 115 
grains by the single aliquot regeneration protocol (Wintle and Murray, 2006) on selected, 116 
stratified, sand-bearing units at Site 007 (interpreted to be aeolian) and Site 008 (interpreted to be 117 
fluvial). Site 009 could not be dated via OSL because of a lack of suitable material for sampling 118 
(fluvial unit was too coarse-grained). Protocols for OSL dating are similar to those presented in 119 
Dalton et al. (2016). We limit the reporting of ages for those samples with at least 30 aliquots to 120 
determine an equivalent dose (Table 1; Fig. 6). The majority of aliquots (79 to 94%) were used 121 
to calculate an equivalent dose, with aliquots removed if (1) the recycling ratio was not between 122 
0.90 and 1.10, (2) recuperation was >5%, (3) error in equivalent dose values was >10%, 123 
reflecting low light emissions (Demuro et al., 2013), and (4) if the ‘fast ratio’ was <20 (Durcan 124 
and Duller, 2011). Ultra-small aliquots were used for equivalent dose determination with a plate 125 
area of 1 mm2 corresponding to about 20 to 40 grains per aliquot. Overdispersion analyses of 126 
equivalent dose populations were relatively low at 16 to 24% which indicates a single log-normal 127 
distribution, and thus the central age model was used in the final calculation of equivalent dose 128 
(Galbraith and Roberts, 2012). Water content of 25 ± 5% was estimated based on initial inferred 129 
conditions and subsequent glacial compaction of the sediment. Where appropriate, dose rate was 130 
adjusted for organic content by dilution based on loss on ignition values. The U, Th, Rb and K 131 
content was determined by inductively coupled plasma-mass spectrometry / optical emission 132 
spectroscopy (ICP-MS/OES) and these values, in combination with a calculated cosmic dose, 133 
were used to resolve a dose rate (Table 1; Fig. 6). Final OSL ages are presented in the Results 134 
section at 1-sigma error. However, errors are increased to 2-sigma ranges in the Discussion 135 
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(Section 4.5) to cover any variability introduced by uncertainty in moisture content, burial 136 
history, organic content and other errors (Mallinson et al., 2008; Schaetzl and Forman, 2008; 137 
Wood et al., 2010). Radiocarbon attempts on bulk organic material (peat) and wood from the 138 
non-glacial intervals at the Albany sites are reported in Table 2. These data are mostly from 139 
previous publications (MacDonald, 1969, 1971; Dalton et al., 2016), however two 140 
determinations at Site 008b are new (A. F. Bajc, Ontario Geological Survey, pers. comm., 2017). 141 
2.2. Pollen, plant macrofossils and sedimentology 142 
Pollen samples were processed using standard methods (Faegri and Iversen, 1975), plus 143 
density separation using sodium polytungstate to more effectively concentrate the pollen grains 144 
(Zabenskie, 2006). Identification of pollen grains followed Kapp et al. (2000), McAndrews et al. 145 
(1973) as well as reference collections held at the University of Toronto and the Royal Ontario 146 
Museum. Broken bisaccate pollen grains (Pinus, Picea) were rare, but when present, were 147 
counted if >50% of the grain was intact. A minimum of 150 pollen grains of herb, arboreal and 148 
shrub taxa were counted in each sample; taxa from these groups only were included in the pollen 149 
sum from which percentages were calculated. Samples that had <5000 grains/cm3 based on the 150 
addition of a Lycopodium spike, or contained >10% broken/unidentified grains, were excluded 151 
from further analysis and are not reported here. A detrended correspondence analysis (DCA) plot 152 
of the fossil pollen assemblages was constructed using R package ‘vegan’ (Oksanen et al., 2015) 153 
and comprises all herb, arboreal and shrub pollen taxa. Stratigraphic plots were produced using R 154 
package ‘rioja’ (Juggins, 2015) and include all taxa which reach 1% abundance in at least one 155 
fossil sample per site. 156 
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Pollen-derived palaeoclimate reconstructions were developed using the modern analogue 157 
technique (Overpeck et al., 1985) and the North American Modern Pollen Database (n = 4833 158 
sites; Whitmore et al., 2005) with additional sites from the HBL (n = 49; details on assembling 159 
this dataset are provided in Dalton et al., 2017). Only sites situated in the conifer/hardwood, 160 
boreal and forest-tundra biomes were included in the modern calibration set. Further, this 161 
calibration set was reduced to include only sites having pollen counts >150 grains, as well as 162 
those located in areas of <1200 mm of annual precipitation, resulting in a final calibration set of 163 
1509 sites. The R package ‘analogue’ (Simpson, 2007; Simpson and Oksanen, 2014) using the k 164 
= 3 closest analogues and cross-validation (n = 500 bootstrap iterations) was used for pollen-165 
based palaeoclimate reconstructions, where modern sites having a squared chord distance 166 
dissimilarity of <0.15 were taken to be analogues (Overpeck et al., 1985). Errors at each fossil 167 
site were based on the root mean squared error of prediction (RMSEP) of the modern calibration 168 
set using the k = 3 closest analogues. Modern-day values for the Albany sites were taken from 169 
gridded climate data as there were no local weather stations in the study area. Average summer 170 
temperature (June, July, August) at the Albany sites is ~14.2°C, while annual precipitation is 171 
~564 mm (Natural Resources Canada, 2015). 172 
Plant macrofossils, examined exclusively at Site 009, were concentrated by rinsing 15 173 
cm3 of organic-bearing sediment under a 100-µm sieve using water (occasionally overnight 174 
soaking in Na4P2O7 solution was needed to disaggregate the sediment) and then identified under 175 
a stereomicroscope. Macrofossils provide direct evidence of local vegetation, and are thus 176 
important for validating and refining palaeoclimate reconstructions based solely on pollen data 177 
(Birks and Birks, 2000; Väliranta et al., 2009). Loss-on-ignition involved combustion of  ~2 g 178 
(dry weight) of sediment at 550°C for 4 hours and then at 950°C for 2 hours to remove the 179 
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organic and carbonate fractions, respectively (Heiri et al., 2001). Sediment size distributions 180 
were determined using a Malvern Mastersizer 3000 and Hydro MV wet dispersion unit on 181 
samples that were first treated with H2O2 and HCl to remove organic and carbonate fractions.  182 
2.3. Geochemical and sedimentology analyses on the diamicton layers 183 
Geochemical data, particle size data, and the calcite-to-dolomite ratio (C:D) were used to 184 
characterize the diamictons, as well as to assess the degree to which they could be correlated 185 
among the three Albany sites. The carbonate content and the C:D ratio of each diamicton was 186 
determined using a Chittick apparatus (Dreimanis, 1962) on the <63 µm fraction, while particle 187 
size distributions were determined using sieves and a Microtrac particle size analyzer. Elemental 188 
data were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES) 189 
and inductively coupled plasma mass spectroscopy (ICP-MS) after digestion in aqua regia 190 
(Tables A1, A2). When measured values exceeded or fell below the instrument detection limit, 191 
‘greater than’ values were assigned to 1.7x the detection limit and all ‘less than’ values were 192 
assigned to 0.55x the detection limit (Sanford et al., 1993). Elements were eliminated if 193 
replacements had to be made to more than 20% of the samples, which resulted in the removal of 194 
Be, Ca, K, Mg, Au, Pt, Se and Ta. If an element was measured in both ICP-AES and ICP-MS, 195 
only the latter values were retained because of the improved detection limits. Prior to statistical 196 
analysis, the centered log-ratio was taken in order to correct for any compositional bias in the 197 
data and to down-weight the influence of highly abundant elements (Aitchison, 1986; Grunsky, 198 
2010). Geochemical data were visualized using Principal Component Analysis in R package 199 
‘vegan’ (Oksanen et al., 2015), while cluster analysis was performed using the R base package 200 
using the ‘average’ agglomeration method (R Core Team, 2014). A similar multi-variate 201 
approach for characterizing diamicton units was used by McMartin et al. (2016). Consultation 202 
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with regional geological maps (Ontario Geological Survey, 2015) was used to suggest source 203 
area and possible glacier flow paths for the diamicton layers studied.  204 
3. Results 205 
3.1. Albany River Site 007 206 
The lowermost exposed unit at Site 007 was a dark grey-brown diamicton (unit 1; Fig. 207 
2A). It was massive to fissile, and consisted of a silt to sandy silt matrix with minor clay, 208 
pebbles, cobbles and boulders. Matrix particle size distribution was 38% sand, 45% silt and 17% 209 
clay (Fig. 7B). Unit 1 ranged from 2 to 11 m in thickness owing to a highly irregular contact with 210 
the overlying material. Rare stone lines along with isolated, faceted and striated boulders were 211 
contained in this diamicton; one stone line had striated tops of clasts between 190 and 232 °N.Az 212 
(based on 5 readings). A nearly continuous 30-cm thick layer of sand sub-divided unit 1 about 7 213 
m above river level. This sand layer was truncated by the irregular contact with the sediments 214 
above (Fig 2A). 215 
Overlying one part of the lowermost diamicton at Site 007 (unit 1) was a 1.8-m interval 216 
of brown to black, laminated, organic-bearing sediments (unit 2; Fig. 2A, also Fig. 2B, C) that 217 
consisted of silty clay (~35%), very fine sand and silt (~40%). These sediments were thinly 218 
interbedded and appeared to be deformed. This interval was generally less than 10% organic, 219 
with a 5–10% carbonate component (Fig. 2D). Radiocarbon dating of bulk peat from the 90-cm 220 
interval of this unit yielded a minimum limiting age of 42,700 ± 500 cal. yr BP (UOC-0597; 221 
Table 2). This bulk radiocarbon date is treated with caution due to the risk of contamination in a 222 
bulk sample containing carbon of mixed provenance (Dalton et al., 2016). Quartz grains yielded 223 
11 
 
an OSL age of 73,100 ± 6,365 yr BP (BG4227; Table 1; Fig. 6) at the same sampling interval as 224 
the radiocarbon age. 225 
Overlying the organic-bearing interval was a light grey brown, massive, sandy-silt to 226 
silty-sand diamicton that contained granules, pebbles, cobbles and boulders (unit 3; Fig. 2A). 227 
Particle size analysis of the diamicton matrix contained 43% sand, 51% silt and 6% clay-sized 228 
particles (Fig. 7B). The diamicton ranged from 2 m (overlying the organic-bearing sediments) to 229 
11 m in thickness where it was infilling a depression in the lower diamicton (unit 1). One boulder 230 
contained striations oriented at 204 °N. Az. Lenses and discontinuous layers of stratified 231 
sediments occur throughout this unit and rarely occur as ‘u-shaped’ stratified sediment bodies 232 
(predominantly sand, but also silt and clay laminate) in particular within the depression in unit 1. 233 
The upper surfaces of these ‘u-shaped’ bodies were planar, sharp and near-horizontal. 234 
The uppermost diamicton at Site 007 was also light grey brown in colour and was 235 
characterized by massive sandy-silt to silty-sand with granules, pebbles, cobbles and boulders 236 
(unit 4; Fig. 2A). The matrix of the diamicton consisted of 32% sand, 57% silt and 11% clay; 237 
slightly finer-textured than the diamicton (unit 3) beneath (Fig. 2A; see Fig. 7B). Striations on 238 
the top of one faceted and striated boulder were oriented at 290 °N.az. Overlying this diamicton 239 
was a 2-m thick light brown, stratified, very fine sand and silt deposit that contained marine 240 
shells and shell fragments (unit 5). A thin, small pebble layer occurred at the base of this unit. 241 
3.2. Albany River Site 008 242 
The lowermost exposed unit at Site 008 was a dark grey-brown diamicton of 3 m 243 
thickness (unit 1; Fig. 3A), characterized as massive to fissile, consisting of a sandy silt to silty 244 
sand matrix with granules, pebbles, cobbles and boulders. Particle size analysis of the matrix 245 
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resulted in 36% sand, 53% silt and 11% clay (Fig. 7B). A faceted boulder had striations oriented 246 
to 215 °N. Az. The upper surface of this diamicton gently sloped to the south (rightward on Fig. 247 
3A). Two depressions in this diamicton’s surface contained the thickest sequences of non-glacial 248 
sediments; we identified the materials contained at the northern end as Site 008a, while those at 249 
the southern end at a distance of ~50 m were Site 008b. The non-glacial sediments from Site 250 
008a could be traced continuously along the exposure and were found to directly overlie the non-251 
glacial sediments of Site 008b, separated by a subtle, oxidized contact.    252 
At the base of the non-glacial unit at Site 008a (Fig. 2B; field photograph) was a 35-cm 253 
thick discontinuous band of stratified, fine and medium-grained sand and small pebble gravel. 254 
Horizontal bedding and trough-crossbedding were noted in these sediments. Quartz grains from a 255 
thin bed of very fine to fine grained sand in this unit yielded OSL ages of 59,120 ± 5,585 yr BP 256 
and 59,695 ± 5,500 yr BP (BG4228 and BG4262; Table 1; Fig. 6). Overlying this sand deposit 257 
was approximately 2 m of greasy organic-bearing silt, silty clay with rare thin layers and lenses 258 
or small pebbly, medium to coarse sand, and layers of fine sand. The organic-bearing interval 259 
contained ~25% sand, ~45% silt and ~30% clay, which varied throughout the unit, while the 260 
organic component in this interval was 5–10%, with 5–8% carbonate (Fig. 3C). Radiocarbon 261 
dating of bulk organic-bearing sediment from the 70-cm interval at site 008a suggested that it 262 
was deposited at 45,500 ± 830 cal. yr BP (UOC-0594; Table 2). 263 
At the southern end of the exposure, the non-glacial interval at Site 008b consisted of 264 
brown to black organic matter, interbedded with very fine sand and silt. Overlying this dark 265 
organic-bearing unit was a 20-cm interval of gravel, pebbly sand and fine sand, followed by ~4 266 
m of rhythmically or interbedded fine sand, silt and silty clay with organic laminae (unit 2; Fig. 267 
3A). Sand beds obtained thicknesses up to 15 cm and rhythmically bedded finer sediment 268 
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occurred in cycles of 1–2 cm. Quartz grains from a fine sand bed within the 20-cm interval of 269 
gravel, pebbly sand and fine sand yielded OSL ages of 72,640 ± 5,990 yr BP and 67,605 ± 5,765 270 
yr BP (BG4263 and BG4264; Table 1; Fig. 6). Radiocarbon attempts on wood pieces at this site 271 
yielded >47,800 and >49,200 14C yr BP (ISGS-A3320 and ISGS-A3321; Table 2; A. F. Bajc, 272 
Ontario Geological Survey, pers. comm., 2017). 273 
A dark grey brown diamicton of ~7 m thickness (unit 3; Fig. 3A) overlaid Site 008a and 274 
Site 008b. This diamicton was characterized by clayey silt with granules, pebbles, cobbles and 275 
some boulders. The particle size distribution of two matrix samples from this diamicton averaged 276 
20% sand, 61% silt and 19% clay-sized particles (Fig. 7B). At the north end of Site 008a, this 277 
diamicton was massive, but numerous lenses and discontinuous layers of stratified sediment 278 
were present near the south of the exposure (Site 008b). At the south end of this exposure (Site 279 
008b), an additional diamicton was present (unit 4). This light grey, massive diamicton was 4 m 280 
in thickness and consisted of sandy-silt to silty-sand with granules, pebbles, cobbles and 281 
boulders. The matrix contained 42% sand, 51% silt and 7% clay (Fig. 7B). Numerous sand and 282 
gravel lenses and layers were also present. The uppermost unit at Site 008 (unit 5) was 3 m of 283 
light brown, stratified, very fine sand, containing silt, small pebble and gravel layers/lenses and a 284 
thin gravel layer at the base. Marine shells were present in this unit. 285 
3.3. Albany River Site 009 286 
The lowermost exposed unit at Site 009 was a dark grey massive diamicton (unit 1; Fig. 287 
4A), containing silty clay with granules and pebbles (12% sand, 52% silt and 36% clay; Fig. 7B). 288 
Striations on the top of one boulder were oriented to 340 °N.Az. Overlying this diamicton was a 289 
discontinuous layer (up to 30-cm thick) of brown, poorly-sorted pebble to small cobble gravel 290 
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(unit 2; also Fig. 4B, C), that was in turn overlain by 4 m of organic-bearing sediments (unit 3). 291 
The organic-bearing sediments were massive, laminated and consisted of clay silt and silt, with 292 
peaty layers. This unit was composed of ~35% clay, ~40% silt and the remainder as sand. The 293 
organic content was ~10–20%, and carbonate component ~2.5% (Fig. 4D). Radiocarbon attempts 294 
to date this bulk organic-bearing sediment all resulted in infinite determinations: >47,000, 295 
>48,800 and >54,000 14C yr BP (UOC-0595, UOC-0843, GSC-1185; Table 2).  296 
Overlying the organic-bearing interval at Site 009 was a diamicton unit (unit 4; Fig. 4A). 297 
This diamicton was light grey-brown, loose, massive, and consisted of silty sand with granules, 298 
pebbles, cobbles and boulders. Matrix particle size consisted of 43% sand, 48% silt and 9% clay 299 
(Fig. 7B). Striations on one boulder were aligned to 170 °N.Az. The uppermost unit at this site 300 
was 3 m of light brown, stratified fine sand and silt with a thin small pebble gravel layer at the 301 
base (unit 5). This unit contained marine shells.  302 
3.4. Correlation of diamicton units among the Albany sites 303 
Principal Component Analysis of the trace element geochemistry along with particle size 304 
data and matrix carbonate content were used to group diamicton units. Cluster analysis of the 305 
elemental data suggested that diamicton units from the Albany sites can be divided into four 306 
groups (Fig. 7) that were separated along axis one of the PCA and accounted for 86% of the 307 
variance in the dataset. Till I, a group that contained only one sample (009-TM1), was 308 
characterized by the highest level of base metal elements of all the Albany sites, along with a 309 
relatively low calcite content (14.3%), extremely low dolomite content (0.1%), and a grain 310 
composition largely consisting of clay (47%) and silt (40%) with a small sand component. The 311 
lowermost diamicton units at Site 007 and 008 (007-TM1; 008-TM1, respectively) had similar 312 
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geochemistry, particle size distribution and matrix carbonate content (Fig. 7B), and thus 313 
comprised Till II. Till III was comprised of two samples from the same diamicton unit at Site 314 
008 (008-TM2; 008-TM3) and had a geochemical signature suggesting intermediate levels of 315 
base metal elements as compared to Till I and Till II (Fig. 7A). The final group, Till IV, 316 
comprised the uppermost diamicton units at each site (007-TM3, 007-TM2, 009-TM2, 008-317 
TM4). Total carbonate ranged from 35.6 to 39%, and the C:D ratio ranged from 0.6 to 1.4. 318 
Texturally, Till IV was characterized by a low clay component (<20%), silt comprised ~40%, 319 
and the remaining 40% was sand.  320 
3.5. Biostratigraphy and palaeoclimate reconstructions at all Albany sites 321 
The herb, arboreal and shrub components of the pollen assemblages at the Albany sites 322 
were very similar (Fig. 2D, 3C, 4D) and displayed little stratigraphic change through the organic-323 
bearing intervals. Overall, Picea pollen dominated the assemblages with 53–55% of the average 324 
pollen count, followed by Pinus pollen at 19–23%, Poaceae at 8–9% and Betula at 6–9%. The 325 
remainder of the herbaceous, arboreal and shrub counts were dominated by Salix (2–3%), 326 
Asteraceae (1–2%), Alnus (~1%) and Lycopodium (~1%), along with <1% grains of Abies, 327 
Amaranthaceae, Caryophyllaceae, Cupressaceae, Ephedraceae, Ericaceae, Juglandaceae, 328 
Polygonaceae and Polypodiaceae. Wetland indicators (Sphagnum and Cyperaceae) were variable 329 
at each site, and generally ranged from 15–60% of the herb, arboreal and shrub pollen sum. 330 
Further, aquatic taxa Equisetum and Pediastrum were present at all three sites, with a few 331 
Potamogeton grains also present at Sites 007 and 008. Despite overall similarity among pollen at 332 
the fossil sites, subtle differences in the assemblages caused variability among sites in the 333 
ordination (Figure A1). For example, Site 007 had slightly more Betula (8.6%) and Site 009 334 
overall had slightly higher Pinus (23.4%) than average values for the Albany sites. Temperate 335 
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taxa were also present rarely in the record, notably Tsuga (three grains at Site 008; five grains at 336 
Site 009) and Quercus (one grain at Site 009). 337 
The majority of fossil intervals at the Albany sites (52 of 60 total examined samples) 338 
were suitable for quantitative palaeoclimate inferences owing to high pollen concentrations (e.g. 339 
>5000 grains/cm3), well-preserved pollen grains (<10% broken/unidentified) and sufficient 340 
modern analogues (at least three modern sites having a squared chord distance dissimilarity of 341 
<0.15 with each fossil site). Of a possible 156 modern analogues (3 analogues used for each 342 
sample x 52 reconstructed intervals), 80 analogue sites (51%) were taken from the same three 343 
modern sites, one lying in the boreal forest of Central Canada, and two from the HBL. Pollen-344 
based quantitative analysis from the organic-bearing interval at Site 007 yielded an average 345 
summer temperature of 13.3 ± 1.6°C (R2 = 0.83, F = 7219, p < 0.001), which was marginally 346 
cooler, but given the errors, was indistinguishable from estimates for present-day obtained from 347 
a gridded climate dataset (14.2°C). Reconstructed annual precipitation at Site 007 was 635 ± 127 348 
mm (R2 = 0.83, F = 7472, p < 0.001), which may be slightly wetter, or the same as, estimated 349 
present-day values in this region (564 mm). Average summer temperature estimates for Site 008 350 
and 009 were 14.1 ± 1.6°C (R2 = 0.83, F = 7481, p < 0.001) and 14.6 ± 1.5°C (R2 = 0.84, F = 351 
7958, p < 0.001), respectively, while palaeo-precipitation estimates at these two sites were 620 ± 352 
127 mm (R2 = 0.83, F = 7447, p < 0.001) and 584 ± 122 mm (R2 = 0.85, F = 8283, p < 0.001). 353 
Errors associated with these palaeoclimate reconstructions caused most estimates to overlap with 354 
present-day values at the Albany sites. 355 
Macrofossils, examined only at Site 009, revealed more stratigraphic change than the 356 
pollen data (Fig. 5) and indicated a freshwater aquatic environment. Bryophytes were present 357 
throughout the examined record and were dominated by Scorpidium spp. Aquatic taxa were 358 
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similarly present throughout the record, notably, ephippia of Daphnia along with statoblasts of 359 
Fredericella, Plumatella and Cristatella. Leaf remains of Potamogeton and potentially Najas 360 
were also noted, although identification of the latter is tenuous. Overall, aquatic taxa became 361 
increasingly abundant in the upper part of the stratigraphy, between 180 and 270 cm. Seeds of 362 
herbaceous Caryophyllaceae, Carex, Poaceae, Luzula and Typha were present occasionally in the 363 
record, while Cyperaceae and Equisetum remains were also common. Remnants of Betula (bark, 364 
seeds), along with conifer bark and needles were present throughout. Charcoal and mites were 365 
also present, and showed a similar trend to the aquatic taxa, reaching highest abundances in the 366 
upper half of the sampling intervals (Fig. 5). 367 
4. Discussion 368 
We interpret diamicton units at each Albany site as subglacial till deposited by an 369 
actively flowing warm or wet-based glacier. This is based on the occurrence of striated and 370 
faceted clasts, bullet-shaped boulders, stone lines, boulder pavements and the overall massive 371 
appearance of the diamicton layers. Our correlation of till units, based on particle-size 372 
distribution, geochemistry (carbonate and trace element content), ice flow indicators and 373 
stratigraphic position allowed for the amalgamation of the three geographically-separated 374 
stratigraphic records along the Albany River, permitting some reconstruction of Late Pleistocene 375 
history at the center of the glaciated region. A composite stratigraphic plot for each of the 376 
Albany sites showing chronology results and till groupings is presented in Fig. 8.  377 
4.1. Deposition of till at the Albany sites 378 
The first event recorded at the Albany sites is the deposition of the tills underlying the 379 
non-glacial sediments (Fig. 8). The lowermost till layer at Site 009 (Till I) was deposited by ice 380 
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flowing toward the north-northwest, as indicated by stone lines and striated boulders. This flow 381 
direction helps to explain the low dolomite content of this till (Fig. 7B) because of the ice flow 382 
trajectory largely over limestone of the Moose River basin and the granitic Canadian Shield. A 383 
similar flow direction has been noted in the Rocksand till in the HBL attributed to MIS 5 384 
(Thorleifson et al., 1992; 1993) or MIS 4 (ca. 71,000 to 57,000 yr BP; Kleman et al., 2010).  In 385 
the Matagami area of central Québec, a northwest flow is the oldest one recorded (Veillette and 386 
Pomares, 1991; Veillette et al., 1999). Contrastingly, the lower till units at Site 007 and 008 (Till 387 
II) below the organic-bearing sediments were deposited by ice flowing toward the south-388 
southwest, a trajectory over terrain underlain by Paleozoic limestone and dolomitic rocks, which 389 
is the cause of a high carbonate content in these units (Fig. 7B). Overall, the relative ages of Till 390 
I and Till II are not known; it is possible that they are the same age, representing different flow 391 
directions and shifting ice centers in the Matagami area (Parent et al., 1995; Veillette et al., 392 
1999). Alternatively, they may have been deposited during different glacial advances prior to the 393 
non-glacial sediments.  394 
4.2. Deposition of the non-glacial sediments at the Albany sites 395 
The next event recorded at the Albany River Sites is the deposition of the non-glacial 396 
sediments (Fig. 8). At two of the Sites (008, 009), we interpret the non-glacial interval as a 397 
fluvial environment with the lowermost units representing channel or bar sediments of a river. 398 
The organic-bearing sediment fill was likely deposited upon river channel abandonment. This 399 
may have been an oxbow lake capable of supporting water-logged peatland biota. At Site 008, 400 
gravels, followed by rhythmically and interbedded sediments are interpreted to be the remnants 401 
of a channel bar with overlying bar-top sediments (overbank deposits).  At Site 009, the poorly-402 
sorted pebble and gravel unit is interpreted to be an active river channel lag deposit (gravel) 403 
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overlain by finer sediments on a bar top, or an infilled meander cutoff. An oxbow lake setting is 404 
supported by comparison to the stratigraphy and sedimentology of present-day oxbow lakes, 405 
which contain organic material interbedded with silts (Brooks, 2003; Brooks and Medioli, 2003), 406 
along with the presence of aquatic indicators in the pollen and macrofossil record (see Section 407 
4.4). Variations in the sedimentological component may be the result of flooding of the nearby 408 
river, or from precipitation events. Channel bars, overbank deposits and meander scars are 409 
common features along the present-day Albany River. Thus, river morphology along with 410 
conditions controlling river gradient, discharge and sediment supply during these non-glacial 411 
intervals was likely similar to present-day conditions in the HBL. 412 
Organic-bearing sediments at Site 007 overlie what we interpret to be a significant 413 
erosional event formed by either subglacial meltwater or fluvial activity. It is possible that this 414 
contact represents the river valley wall, thus the organic-bearing interval at this site may 415 
represent a tableland surface lying in the riparian region. This interpretation is supported by the 416 
higher relative elevation of this site compared to Site 008 and 009, along with increased Betula 417 
and Sphagnum pollen/spores, which could be expected given the closer proximity to wetlands as 418 
opposed to fluvial environments. In this case, sediment input may be from a combination of 419 
runoff and aeolian processes. Our interpretation of a palaeo-fluvial setting for the Albany sites 420 
aligns with the inferred setting of many other Pleistocene-aged sites in this region (e.g. Skinner, 421 
1973; Dredge et al., 1990; Allard et al., 2012; Dubé-Loubert et al., 2013). Thus, it is possible that 422 
shelter from riverbanks aided in preserving many of the non-glacial Pleistocene records in this 423 
region (Barnett and Finkelstein, 2013). 424 
4.3. Last Glacial Maximum (LGM), deglaciation and Holocene 425 
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Following the non-glacial episode was the deposition of Till III, a dark grey-brown unit 426 
that was preserved solely at Site 008 (Fig. 8). Geochemical analysis suggests that it may have 427 
been derived from a source area similar to Till I (009-TM1; ice flowing toward the northwest) 428 
owing to moderate base metal elements and a relatively high clay content (Fig. 5 and 7B). 429 
However, no flow indicators were observed. Till III is absent at Site 007 and 009, and may have 430 
been eroded, or in the case of Site 007, perhaps it did not extend that far west. The uppermost till 431 
layers at all three Albany sites were grouped as Till IV by PCA of the trace element content (Fig. 432 
7A) and represent the most recent glacial events recorded at these sites. Directional indicators 433 
suggest that the lower Till IV at Site 007 and Till IV layers at the other two sites were deposited 434 
by a south-southwestward flowing glacier, supported by high dolomite content, suggesting 435 
prolonged transport over the dolostone-dominated Paleozoic terrain of the HBL (Ontario 436 
Geological Survey, 2015). Different ice-flow indicators from the uppermost till at Site 007 and 437 
its slightly finer texture suggest that ice flow was toward the west-northwest and may have 438 
resulted from a late local lobation of the ice margin, shift of the ice center, or may represent a 439 
distinct till unit and ice advance. We interpret the truncated “u”-shaped lenses of stratified 440 
sediment at Site 007 as Nye channels cut into existing sediment beneath actively moving ice by 441 
subglacial meltwater, suggesting that meltwater was abundant at the time of deposition of this 442 
unit. The presence of abundant water at the base of the glacier would also be conducive to 443 
shifting ice flow. The marine sediments overlying all three Albany sites are interpreted to be 444 
deposited by the Tyrell Sea in the Early Holocene (Lee, 1960). 445 
The identification of possibly three tills above the Missinaibi Formation (the non-glacial 446 
interval) at the Albany sites is notable because it is somewhat at odds with the ‘classic’ HBL 447 
stratigraphy, which calls for two tills overlying this non-glacial interval (Thorleifson et al., 448 
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1992). Thus, data from the Albany sites suggest the possibility of additional glacial events post-449 
Missinaibi Formation not considered previously. A similar multiple-till pattern overlying the 450 
Missinaibi Formation is also present in other recent studies (Allard et al., 2012; Dubé-Loubert et 451 
al., 2013) however the correlation of these tills into the ‘classical’ stratigraphic framework 452 
remains largely unaddressed. The south-southwestward direction of ice movement in lower Till 453 
IV at Site 007 and at Site 008 and 009 is similar to reported ice flow directions of tills deposited 454 
in the Moose River Basin (Skinner, 1973), southern James Bay (Allard et al., 2012; Dubé-455 
Loubert et al., 2013) and in the Matagami area (Veillette and Pomares, 1991) but direct 456 
correlation to any of these areas is not possible at this time, in part because it is very difficult to 457 
solely use ice flow direction (based on striations, fabrics and/or provenance) as a correlation tool 458 
within and between sub-glacial basins like those that occur in the HBL. 459 
4.4. Interpretation of palaeoenvironments 460 
The pollen assemblages at the Albany sites are similar to other Pleistocene records from 461 
the HBL that document boreal-peatland conditions (Terasmae and Hughes, 1960; Nielsen et al., 462 
1986; Dredge et al., 1990; Allard et al., 2012; Dalton et al., 2017). The boreal interpretation is 463 
supported by the abundance of Picea and Pinus pollen along with tree-type Betula seeds and 464 
bark, conifer seed wings, bark, needles and charcoal at Site 009 (Fig. 5). The presence of Betula 465 
seeds and conifer seed wings indicate that climate conditions were favorable for pollination and 466 
seed development. The wetland interpretation is supported by aquatic, fen and forest macrofossil 467 
remains at Site 009 (Fig. 5), which suggest a minerogenic, paludified surrounding terrain with 468 
trees locally present. At all three Albany sites, the presence of Pediastrum and Equisetum, both 469 
aquatic indicators, corroborate sedimentological data which suggest that the organic-bearing 470 
intervals are shallow ponds or depressions on a flood plain (Figs. 2–4). Further, the presence of 471 
22 
 
Poaceae, along with occasional Asteraceae and other herb groups suggest that the canopy of the 472 
forested riparian region was occasionally open, and the palaeo-riverbanks may have supported 473 
Salix, Alnus and Abies. At Site 009, the increasing abundance of bryophytes, charcoal, sedge and 474 
aquatic remains between 180 and 270 cm (Fig. 5) corresponds to a transition toward layered and 475 
laminated sediments near the top of the section, thus we interpret a transition in local lacustrine 476 
conditions or perhaps increased erosion into the catchment. 477 
All pollen-inferred palaeotemperatures (Figs. 2–4) overlap with present-day estimates for 478 
the region, but vary from slightly cooler (Site 007) to similar (Site 008) to slightly warmer (Site 479 
009). The inclusion of rare temperate taxa (e.g. Tsuga, Quercus) in the pollen records at Site 008 480 
and 009, along with the higher percentage of Pinus at Site 009, cause the slight temperature 481 
increase over what is inferred at Site 007. Temperate pollen grains are present in similar 482 
abundances in Holocene peat and lake cores from the HBL (McAndrews et al., 1982; O'Reilly et 483 
al., 2014), therefore it is possible that the organic-bearing sediments at the Albany sites were 484 
deposited when the temperate/boreal transition was in a similar position to today. The 485 
macrofossil record at Site 009 (Fig. 5) yielded few specific temperature indicators; while Typha 486 
is an indicator species in Finland following the 15.7°C July isotherm (Väliranta et al., 2015 and 487 
references therein), this taxon is present throughout modern and Holocene records in the HBL 488 
(Farley-Gill, 1980; Glaser et al., 2004; O'Reilly et al., 2014). Reconstructed precipitation at the 489 
Albany sites is similar or slightly higher compared to present-day, which may suggest that these 490 
sediments were deposited during MIS 5 as opposed to an interstadial (e.g. MIS 3), since 491 
palaeorecords dating to MIS 3 are thought to be characterized by less annual precipitation (see 492 
comparison of MIS 5 and MIS 3 palaeoenvironments presented in Dalton et al., 2017).  493 
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Most palaeoclimate studies using the North American Modern Pollen Database report R2 494 
values for temperature of ~0.9, and values of ~0.8 for precipitation (Fréchette and de Vernal, 495 
2013; O'Reilly et al., 2014; Richerol et al., 2016). However both fall between 0.82 to 0.85 for the 496 
Albany sites, suggesting that annual precipitation may be better predicted at the Albany sites 497 
than other studies using the same calibration set. Errors reported for the palaeo-temperature and 498 
palaeo-precipitation reconstructions for the Albany sites are similar or less to what has 499 
previously been reported in Holocene and Pleistocene sites in the boreal region (Bunbury et al., 500 
2012; O'Reilly et al., 2014; Richerol et al., 2016; Dalton et al., 2017). However, errors for most 501 
samples overlap with present-day values at the Albany sites, which places a limit on the 502 
inferences that can be made based on pollen data. Ordination of fossil pollen data (Figure A1) 503 
showed that the impact of rare temperate indicator taxa (e.g. Tsuga) was significantly minimized 504 
by the ubiquitous boreal taxa, thus adjusting the pollen sum (e.g. Gajewski, 2015) to down-505 
weight the influence of boreal species may be critical for improving reconstructions in boreal 506 
environments. However, this was not possible at the Albany sites given the rarity of temperate 507 
taxa (few grains per interval) and the overwhelming abundance of boreal taxa in the pollen 508 
assemblage (>90%). An additional source of error is the accuracy of modern-day climate 509 
estimates for the HBL, which are interpolated from gridded datasets owing to a scarcity of 510 
weather stations. 511 
4.5. Age of the non-glacial intervals preserved at the Albany sites 512 
Age assignments for the non-glacial intervals at the Albany sites are complex. Firstly, we 513 
consider finite radiocarbon ages (UOC-0597, UOC-0594; Table 2) as ‘minimum ages’ because 514 
they are bulk peat dates where the carbon may have mixed provenance, and because of the lack 515 
of multiple finite ages at the same site (see Dalton et al., 2016). We consider the OSL ages to be 516 
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robust owing to the significant fast component (majority of aliquots retained for analysis), low 517 
overdispersion values (all < 25%; Table 1; Fig. 6), reproducibility of ages at Site 008a and 008b, 518 
and the fluvial setting that suggests sediments were well-bleached prior to deposition. Thus, the 519 
OSL data suggest that the HBL, located at the innermost area of the glaciated region, was ice-520 
free and characterized by river systems and boreal peatlands at some point between ~86,000 and 521 
~48,000 yr BP (taking into account 2-sigma errors). However, the fall in global sea level during 522 
MIS 4 suggests that the Laurentide Ice Sheet may have grown to near LGM extent during that 523 
time (sea level -100 m below present-day; Grant et al., 2014), which would have glaciated the 524 
HBL region. Thus the non-glacial interval(s) at the Albany sites very likely either pre- or post-525 
date the MIS 4 glacial event, and we present the following hypotheses: either all sites are late 526 
MIS 5 (e.g. MIS 5a) or both MIS 5a and MIS 3 time intervals are present at the Albany sites. 527 
Discussion on Site 009 is limited here since that site has no finite age estimates. 528 
Taking into account the 2-sigma errors on the OSL dates, we suggest that the non-glacial 529 
intervals at Site 007 and Site 008 both date to MIS 5a, a time when sea levels may have been 530 
similar to present-day (Dorale et al., 2010; Creveling et al., 2017; Wainer et al., 2017), which 531 
would most likely have left the HBL ice-free. This hypothesis is supported by pollen data at both 532 
sites (007 and 008) which reflect vegetation similar in composition to present-day (Figs. 2-3), 533 
consistent with a MIS 5 interpretation (Dalton et al., 2017). If the MIS 5a age assignment is 534 
correct, the non-glacial interval at Site 007 and 008 may be contemporaneous with a non-glacial 535 
interval preserved along the Nottaway River, southern James Bay, which has also been dated to 536 
late-stage MIS 5 (via OSL and U-Th dating) and similarly contains palaeoecological indicators 537 
(pollen, macrofossils) supporting climate conditions similar-to-present-day (Allard et al., 2012; 538 
Dubé-Loubert et al., 2013). Comparison to other sites within the glaciated region is limited 539 
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because there are few sites that are both chronologically constrained to MIS 5a and contain 540 
palaeoecological data, specifically pollen. However, outside of the HBL, another site from 541 
Eastern Canada that has been constrained to MIS 5a via U-Th dating also suggests that climate 542 
was similar to present-day at that time (de Vernal et al., 1986).  543 
It is possible that two different non-glacial intervals are present at Site 008. Large errors 544 
on the OSL ages, particularly when considered at 2-sigma range, allow the non-glacial interval at 545 
Site 008a to be placed into early MIS 3 (e.g. 57,000 to 48,000 yr BP), an ice-limited interval 546 
which is supported by other sites in the HBL (Dalton et al., 2016; 2017) as well as emerging sea 547 
level and geophysical estimates (Pico et al., 2016; 2017) that support significantly reduced ice 548 
cover over some part of the eastern sector of the Laurentide Ice Sheet during that time. 549 
Sediments from Site 008a stratigraphically overlie Site 008b, and are separated by a subtle 550 
contact, thus it is possible that both MIS 5a (008b) and MIS 3 (008a) sediments are present at the 551 
same site. However, additional geochronology work is needed to test this hypothesis. If correct, a 552 
MIS 3 age assignment for Site 008a may be supported by a finite radiocarbon age at that site 553 
(UOC-0594; 45,500 ± 830 cal. yr BP), and Site 008 may be one of the first documented sites in 554 
the HBL which contains organic bearing sediments from more than one non-glacial interval.  555 
5. Conclusions 556 
The Laurentide Ice Sheet was the predominant North American ice mass at the LGM, 557 
however there is limited terrestrial data to delineate its pre-LGM palaeogeography or dynamics 558 
owing to extensive erosion of the stratigraphic record in the formerly glaciated region. Our study 559 
of three stratigraphic records from the HBL, located at the geographic center of the glaciated 560 
region, provided information about the timing, inception and direction of North American ice 561 
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growth and documented at least four ice advances from the eastern (Labrador) sector of the 562 
Laurentide Ice Sheet over the region. At the Albany sites, the close proximity (within 18 km) of 563 
tills of differing ice flow directions and from different source areas, at similar stratigraphic 564 
positions (both above and below non-glacial sediments), may indicate that deposition of these 565 
tills occurred near the ice-margin. Intercalated between glacial deposits at the Albany sites were 566 
organic-bearing sediments that suggested ice-free conditions at the innermost area of the 567 
glaciated region. Biostratigraphic (pollen, macrofossils) and sedimentological work suggested 568 
the development of a landscape similar to present-day conditions during these non-glacial 569 
intervals; a northern boreal peatland containing vegetation (Picea, Pinus, Poaceae, Betula, 570 
Cyperaceae, Sphagnum) and climate (precipitation and temperature) analogous to present-day, 571 
whereas fluvial deposits suggested the development of palaeo-river systems of analogous 572 
morphology, discharge and sediment supply compared to present-day. The development of these 573 
landscapes was only possible if the HBL, lying at the geographic center of the glaciated region, 574 
was ice-free. Chronology data suggested that these non-glacial events occurred at some point 575 
between ~86,000 and 48,000 yr BP. Available chronology and palaeoecological data support an 576 
MIS 5a assignment for the Albany sites, however the possibility remains that later intervals (e.g. 577 
MIS 4 and MIS 3) may be represented here, thus signaling a large-scale recession of the 578 
Laurentide Ice Sheet during the last glacial cycle. Assuming that the Laurentide Ice Sheet was 579 
the dominant ice mass during that time, results from this research represent important empirical 580 
data for testing models of ice sheet volume/dynamics as well as refining estimates of global sea 581 
level during the Late Pleistocene. 582 
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Table 1. Optically stimulated luminescence (OSL) ages on quartz grains from the Albany sites, the Hudson Bay Lowlands, Canada.  596 
Field # Lab 
number 
Aliquotsa Grain Size 
(μm) 
Equivalent dose 
(Gray)b 
Over- 
dispersion 
(%)c 
U (ppm)d Th (ppm)d K (%)d H20 
(%) 
Cosmic  
Dose rate 
(mGray/yr) 
Dose rate 
(mGray/yr)  
OSL age (yr)h 
(1-sigma error) 
OSL age (yr) 
(2-sigma error) 
Site 007 BG4227 31/35 150-250 131.83 ± 6.17 16 ± 2 1.07 ± 0.01 4.40 ± 0.01 1.78 ± 0.01 25 ± 5 0.12 ± 0.01 1.80 ± 0.09g 73,100 ± 6365 73,100 ± 12,730 
Site 008a BG4228 38/48 150-250 81.57 ± 4.43 24 ± 3 0.80 ± 0.01 2.77 ± 0.01 1.41 ± 0.01 25 ± 5 0.06 ± 0.006 1.38 ± 0.07 59,120 ± 5585 59,120 ± 11,170 
Site 008a BG4262 30/32 150-250 87.97 ± 4.87 21 ± 3 1.03 ± 0.01 4.33 ± 0.01 1.36 ± 0.01 25 ± 5 0.05 ± 0.005 1.47 ± 0.08 59,695 ± 5500 59,695 ± 11,000 
Site 008b BG4263 40/48 150-250 125.25 ± 5.60 19 ± 2 1.68 ± 0.01 4.34 ± 0.01 1.55 ± 0.01 25 ± 5 0.05 ± 0.005 1.72 ± 0.09 72,640 ± 5990 72,640 ± 11,980 
Site 008b BG4264 42/52 150-250 134.72 ± 6.45 20 ± 2 2.18 ± 0.01 6.22 ± 0.01 1.64 ± 0.01 25 ± 5 0.05 ± 0.005 1.99 ± 0.10 67,605 ± 5765 67,605 ± 11,530 
 597 
aAliquots used in equivalent dose calculations versus original aliquots measured. 598 
bEquivalent dose calculated on a pure quartz fraction with about 20-40 grains/aliquot and analyzed under blue-light excitation (470 ± 20 nm) 599 
 by single aliquot regeneration protocols (Murray and Wintle, 2003).  The central age model of Galbraith et al. (1999) was used to calculated equivalent dose when overdispersion 600 
values are <25% (at one sigma errors; a finite mixture or minimum age model was used with overdispersion values >20%  to determine the youngest equivalent dose population.  601 
cValues reflects precision beyond instrumental errors; values of ≤ 25% (at 1 sigma limit) indicate low dispersion in equivalent dose values and an unimodal distribution.   602 
dU, Th and K content analyzed by inductively-coupled plasma-mass spectrometry analyzed by ALS Laboratories, Reno, NV; U content includes Rb equivalent.  603 
includes also a cosmic dose rate calculated from parameters in Prescott and Hutton (1994).  604 
fAssumes an organic content of 25 ± 5% derived from lost on ignition values. 605 
gAssumes an organic content of 2 ± 1% 606 
hSystematic and random errors calculated in a quadrature at one standard deviation. Datum year is AD 2010607 
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Table 2. Radiocarbon age determinations from Albany Sites 007, 008 and 009.  608 
 609 
Site Interval Lab Code Dated 
material 
14C age (yr 
BP) 
Calibrated yr BP 
(2-sigma error)a 
Publication 
007 90-cm UOC-0597 peat 38,829 ± 350 42,700 ± 500 Dalton et al. (2016) 
008a 70-cm UOC-0594 peat 42,146 ± 458 45,500 ± 830 Dalton et al. (2016) 
008b  ISGS-A3320 wood > 47,800 n/a A. F. Bajc (Ontario 
Geological Survey), pers. 
comm., 2017 
008b  ISGS-A3321 wood > 49,200 n/a A. F. Bajc (Ontario 
Geological Survey), pers. 
comm., 2017 
009 55-cm UOC-0595 peat > 47,000 n/a Dalton et al. (2016) 
009 55-cm UOC-0843 peat > 48,800 n/a Dalton et al. (2016) 
009   GSC-1185 peat > 54,000 n/a MacDonald (1969, 1971) 
 610 
aAges were calibrated using CALIB Rev 7.0.4 and the 2013 radiocarbon calibration curve (Stuiver and Reimer, 1993; Reimer et 611 
al., 2013) 612 
 613 
  614 
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 615 
Fig. 1. Map of Albany River sites and photographs. Satellite imagery is from Google Earth. Inset 616 
map situates the study area within North America and shows the HBL (shaded area), the LGM 617 
extent of the Laurentide Ice Sheet (hatched blue line) and the location of the Keewatin and 618 
Labrador sectors. Arrows on each field photograph show the location of the organic-bearing 619 
interval. 620 
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621 
Fig. 2. Stratigraphy and pollen data for Site 007. A: sketch of section and locations of samples. 622 
B: photograph showing OSL sample location and surrounding sediment. C: base of the non-623 
glacial interval showing the transition from sand-rich (light colours) sediments to silt- and clay-624 
rich organic sediments (darker colours). Note the intervals of interbedded/deformed silty clay, 625 
very fine sand and silt. D: biostratigraphic data from the non-glacial interval at Site 007, 626 
including LOI and PSA. Pollen samples were examined every 10 cm (indicated by the filled 627 
circles adjacent to the PSA data); missing pollen data indicate an interval of poor preservation. 628 
All arboreal, herb and shrub taxa reaching 1% in at least one sample are shown here, in addition 629 
to all wetland and aquatic indicators. Vertical lines in the palaeoclimate reconstructions represent 630 
estimates for present-day. 631 
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632 
Fig. 3. Stratigraphy and pollen data for Site 008. A: sketch of section and locations of samples. 633 
B: photograph showing the organic-bearing sediments at Site 008a along with OSL and 634 
radiocarbon sample locations. C: biostratigraphic data from the non-glacial interval at Site 008, 635 
including LOI and PSA. See caption in Fig. 4-2 for further details on the stratigraphic legend and 636 
biostratigraphy plot. 637 
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 638 
Fig. 4. Stratigraphy and pollen data for Site 009. A: sketch of section and locations of samples; 639 
B: photograph showing sediments from the non-glacial interval. C: photograph taken from the 640 
base of Site 009 showing the location of the organic-bearing unit (indicated by bracket). D: 641 
biostratigraphic data from the non-glacial interval at Site 009, including LOI and PSA.  642 
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Fig. 5. Macrofossil data for Site 009. Most data are presented in raw counts; however, some taxa 643 
are qualitatively described as present (+), frequent (++) and abundant (+++). Bryophytes consist 644 
mainly of Scorpidium spp, but fen species are nearly continuously present, including 645 
Aulacomnium palustre, Cinclidium stygium/Rhizomnium sp., Meesia triquetra, and 646 
Tomentypnum nitens. 647 
  648 
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 649 
Fig. 6. Single aliquot regenerative (SAR) dose response curve, with inset figure showing 650 
representative shine down curve, and adjacent figure a radial plot of equivalent dose values for 651 
samples BG4227, BG4228 and BG4263. 652 
  653 
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 654 
Fig. 7. Results of till elemental analysis and sedimentology of the diamicton units at the Albany 655 
sites. A: Ordination by PCA of samples by elemental data. All till samples (black text) and 656 
elements (grey text) are plotted in the ordination space. B: Sediment size distribution, colour 657 
descriptions and carbonate determinations for each sample, showing cluster analysis groups that 658 
were derived from the elemental data.   659 
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 660 
Fig. 8. Composite stratigraphic plot showing sample locations, chronology and till groupings at 661 
the Albany sites. Finite radiocarbon ages at Site 007 and 008 are shown here as minimum ages 662 
and OSL data are presented with 2-sigma errors (see text for details). Sites are located along an 663 
18-km stretch of the Albany River.  664 
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